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ABSTRACT
Luminous quasars powered by accreting supermassive black holes (SMBHs) have been found in the
early Universe at z & 7.5, which set a strong constraint on both the seed black hole mass and the rapid
growth of the SMBHs. In this work, we explore how the SMBHs are grown through Eddington limited
accretion driven predominantly by magnetic outflows. Most angular momentum and the released
gravitational energy in the disk can be removed by magnetic outflows, and therefore the mass accretion
rate of the black hole (BH) can be high even if the disk is radiating at sub-Eddington luminosity. It
is found that the SMBH with several billion solar masses discovered at z & 7 may probably be grown
through chaotic accretion predominantly driven by magnetic outflows from a stellar mass BH, when
the disks are radiating at moderate luminosity (∼ 0.5 Eddington luminosity) with mild outflows. We
find that most SMBHs are spinning at moderate values of spin parameter a∗, which implies only a
small fraction of quasars may have radio jets.
Keywords: accretion, accretion disks – magnetic fields – quasars: supermassive black holes – ISM:jets
and outflows.
1. INTRODUCTION
It is believed that supermassive black holes (SMBHs) grow mainly by swallowing the material through a gaseous
disk around the hole (e.g., Lynden-Bell 1969; Soltan 1982; Yu, & Tremaine 2002; Marconi et al. 2004; Shankar et al.
2009). If the SMBHs accretion activity is turned on, strong radiation is produced by the luminous accretion disks, and
they appear as active galaxies. Some of them have relativistic jets or/and outflows (e.g., Pearson & Readhead 1988;
Tombesi et al. 2010). Quasars at high redshifts have been extensively studied (e.g. Fan et al. 1999, 2003; Ban˜ados et al.
2014; Wu et al. 2015; Jiang et al. 2016; Wang et al. 2016, 2017; Ban˜ados et al. 2018), the highest redshift of which
discovered so far is zQ = 7.54 (ULAS J1342+0928; Ban˜ados et al. 2018), with black hole (BH) mass ∼ 8× 108M⊙. In
the concordance ΛCDM cosmological model, the age of the universe today is t0 ≈ 13.79 Gyr based on the Planck CMB
observations (Planck Collaboration et al. 2016), while the age at the redshift zQ = 7.54 is tQ ≈ 0.69 Gyr. Therefore,
the SMBH in this quasar should have grown from a seed BH within less than 0.69 Gyr. It sets strict constraints on
the mechanisms of the seed BH formation and rapid growth of the SMBH in the early universe, which are still open
issues (e.g., Kawaguchi et al. 2004; Shapiro 2005; King & Pringle 2006; Volonteri, & Rees 2006; Tanaka, & Haiman
2009; Inayoshi et al. 2016; Boekholt et al. 2018).
In order to reproduce such rapid SMBH growth through gas accretion within about half a billion years, one has to
assume almost continuous Eddington limited accretion started from a heavy seed BH with Mseed & 10
5M⊙ at redshift
z ∼ 20 − 30, though the formation process of such a heavy seed BH is another important issue (Omukai et al. 2008;
Park et al. 2016; Pacucci et al. 2017, 2018, and see Volonteri 2010, for a review on heavy seed BH formation). The
calculations of Shapiro (2005) show that a non-rotating BH will be spun up to an extreme Kerr BH while its mass is
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increased several times through accretion in a thin disk. The radiation efficiency of a thin disk surrounding a Kerr
BH is substantially higher than ∼ 0.1 for a non-rotating BH, which implies that the mass accretion rate is reduced for
an Eddington limited accretion disk surrounding a Kerr BH. If sufficient gas is fed onto the BH, the mass accretion
rate can be very high, and the disk is no longer geometrically thin. In this case, the luminosity of the disk can be
super-Eddington and the radiation efficiency becomes lower than 0.1 due to advection of energy in the disk, which
is well described by the so-called slim disk model (Abramowicz et al. 1988). Thus, an alternative way for rapid BH
growth is to assume that the BH has experienced super-Eddington accretion phase with a relatively low radiation
efficiency (i.e., slim disk phase) (Kawaguchi et al. 2004; McLure, & Dunlop 2004; Haiman 2013; Madau et al. 2014).
However, numerical simulations show that most of the gas is driven into outflows by the radiation force of the disk
with super-Eddington luminosity, and only a small fraction of the supplied gas can ultimately reach the BH horizon
(e.g., Stone et al. 1999; Hawley, & Balbus 2002; Igumenshchev et al. 2003; Yang et al. 2014). The analytic model of a
slim disk with outflows indicates that the mass accreted by the BH is always limited to ∼ M˙Edd (M˙Edd = LEdd/0.1c2)
due to the mass loss in the outflows, while the luminosity of the disk is super-Eddington (Cao, & Gu 2015). It implies
that the growth of SMBH through a slim disk with outflows is not faster than that through normal Eddington-limited
accretion.
The growth of BH either through Eddington limited accretion or super-Eddington accretion will inevitably leads
to most BHs being rapidly spinning Kerr BHs in the Universe, which implies that the average radiation efficiency
of the SMBHs should be much higher than 0.1. However, this is inconsistent with the radiation efficiency ∼ 0.1
constrained by cosmological evolution of SMBHs calculated with observed active galactic nuclei (AGN) luminosity
functions (e.g., Yu, & Tremaine 2002; Shankar et al. 2009; Cao 2010; Tucci, & Volonteri 2017; Thomas et al. 2019).
Instead of continuous accretion of SMBHs, it was suggested that the SMBHs have undergone multi-accretion events
with the accreting gas fed with chaotic directions (e.g., King & Pringle 2006; Volonteri et al. 2007). In this case, the
angular momentum acquired by the SMBH in different accretion phases cancels out in some extent, which leads to
most SMBHs spinning at low or moderate rates, and then a lower average radiation efficiency of accreting SMBHs (e.g.,
Berti, & Volonteri 2008; Li et al. 2013). This may alleviate the inconsistence with the observations in some extent.
It seems no doubt that SMBHs grow dominantly through accretion of circumnuclear gas in the host galaxies (Soltan
1982; Yu, & Tremaine 2002; Marconi et al. 2004; Shankar et al. 2009; Raimundo et al. 2012; Zhang et al. 2012), how-
ever, there is still lack of observations constraining the origin and properties of the seed BHs, from which the SMBHs
grow. Stellar mass seed BHs are naturally expected to be formed as the remnants of the Pop III stars at z ∼ 20− 50
with mass of ∼ 10− 100M⊙ (Yoshida et al. 2008; Hosokawa et al. 2011; Hirano et al. 2014). This kind of stellar mass
BHs have been well observed in X-ray binaries in the local Universe. The growth of SMBHs from such small seed BHs
through accretion needs a very long period of time (Inayoshi et al. 2016; Pacucci et al. 2017).
Several ways were suggested to form heavy seed BHs with ∼ 103 − 105M⊙ in the early Universe, which in-
cludes direct collapse of cloudy fragmentation into a single seed BH (Lodato, & Natarajan 2006; Begelman et al.
2006; Latif et al. 2016), stellar-dynamical processes of runaway-collisions within protostellar clusters (Katz et al. 2015;
Sakurai et al. 2017; Boekholt et al. 2018), or collapse of super-massive stars (SMS) (Choi et al. 2013; Hosokawa et al.
2013; Haemmerle´ et al. 2018). However, formation of massive seeds commonly needs special environment with some
strong restrictions, which implies this kind of massive seeds should not be dominant in the seed BH population
(Omukai et al. 2008).
It is a well accepted scenario that a fraction of the gas at the disk surface can be accelerated into outflows by the
co-rotating large scale magnetic field threading an accretion disk (Blandford, & Payne 1982). Such large scale field
may probably be formed by the advection of external weak field in the accretion disk. However, it was found that the
field advection in a thin turbulent accretion disk is quite inefficient due to magnetic diffusion in the disk (Lubow et al.
1994). Some different mechanisms were proposed for the field advection in a thin accretion disk, which include field
advected by the hot corona above the disk or in the form of patches (e.g., Spruit, & Uzdensky 2005; Lovelace et al.
2009; Beckwith et al. 2009; Guilet, & Ogilvie 2012). These mechanisms can indeed alleviate the difficulty of field
advection in the thin disk to some extent. Cao & Spruit (2013) suggested an alternative mechanism that most of the
angular momentum and the kinetic energy of the disk can be removed by the magnetic outflows, and therefore its
radial velocity is substantially increased, which leads to efficient field advection in the disk. In this model, only a
fraction of the gravitational energy released in the disk is radiated out, which implies that the mass accretion rate
of the disk with magnetic outflows can be much higher than the normal viscously driven disk with same luminosity
(Cao & Spruit 2013; Cao 2016a,b; Li & Cao 2019). Numerical calculations of the global structure of a thin disk with
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magnetic outflows show that the mass loss rate in the outflows is usually lower than (or comparable with) the rate
of mass accreted by the BH (Li & Cao 2019). We conjecture that such an accretion disk predominantly driven by
magnetic outflows may help rapid growth of BH in the early Universe.
In this paper, we explore the rapid growth of SMBHs at high redshifts by adopting the model of an accretion disk
with magnetic outflows developed in the previous works (Cao & Spruit 2013; Li & Cao 2019). In our calculations,
we consider the cases of continuous accretion and chaotic accretion respectively. We describe the model in Section
2, the results of the model calculations are given in Section 3, and the last two sections contain the discussion and
conclusions.
2. MODEL
Unlike a standard thin accretion disk, most angular momentum of the gas in the disk can be centrifugally accelerated
into outflows by the large scale magnetic field threading the disk, which leads to a significantly higher radial velocity
of the disk than that of a normal viscous disk (Cao & Spruit 2013). As most of the gravitational energy released in
the disk is carried away by the outflows, only a fraction of the energy is radiated out from the disk, which indicates
that the mass accretion rate of the disk with magnetic outflows is substantially higher than that of a viscously driven
normal disk with the same luminosity (Cao 2016a,b). If the BH at the high redshift is fed by such an accretion
disk with magnetic outflows, its accretion rate can be significantly higher than the Eddington value while the disk
luminosity still remains sub-Eddington. The growth of BHs in the early Universe via accretion of gas can be calculated
by incorporating the disk model with magnetic outflows, in which the accretion can be either continuous or chaotic.
In this case, a small seed BH with ∼ 10M⊙ at redshift z ∼ 20− 30 may grow to several billion solar masses at z ∼ 7
via accretion with sub-Eddington luminosity. The model calculations can be compared with the observations.
2.1. Growth of BH through accretion
The BH acquires mass as well as angular momentum through accretion. The growth of BH mass and evolution of
BH spin through disk are described by
c2
dM
dt
=EmsM˙BH
dJBH
dt
=JmsM˙BH
(1)
where Jms and Ems are the specific angular momentum and energy of the accreting matter capture by the hole at
the radius of the marginal stable circular orbit Rms respectively (Moderski, & Sikora 1996). These two quantities are
given by (Carter 1968; Bardeen et al. 1972),
Ems =
R2ms − 2MRms ± a
√
MRms
Rms
(
R2ms − 3MRms ± 2a
√
MRms
)1/2 ,
Jms =±
√
MRms
(
R2ms ∓ 2a
√
MRms + a
2
)
Rms
(
R2ms − 3MRms ± 2a
√
MRms
)1/2 ,
(2)
where the radius of the marginally stable orbit Rms is
Rms =
Rs
2
{
3 + Z2 ∓ [(3− Z1) (3 + Z1 + 2Z2)]1/2
}
,
Z1 ≡1 +
(
1− a2∗
)1/3 [
(1 + a∗)
1/3
+ (1− a∗)1/3
]
,
Z2 ≡
(
3a2∗ + Z
2
1
)1/2
.
(3)
Using Equations (2) and the parameters in dimensionless form, we rewrite Equation (1) as
dM
dt
=E˜msM˙BH,
da∗
dt
=
2M˙BH
M
[
J˜ms − a∗ (1− ηrad)
]
,
(4)
where the radiation efficiency of the disk is related to the specific energy of the matter at radius Rms by
ηrad = 1− E˜ms, (5)
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for a standard thin disk, and the dimensionless parameters are defined as
E˜ms =
Ems
c2
, J˜ms =
Jms
Rsc
, a∗ =
c
GM
JBH, and Rs =
2GM
c2
. (6)
2.2. An accretion disk with magnetic outflows
Advection of the external weak field of gas in a thin accretion disk with magnetic outflows has been well explored in
Cao & Spruit (2013), and the global structure of the accretion disk and the outflows are given in the work of Li & Cao
(2019), which shows that only a fraction of the gas goes into outflows compared with the gas accreted by the BH. It
is found that the analytic calculations in Cao & Spruit (2013) can describe the basic features of global structure of
the disk and outflows (Li & Cao 2019). Therefore, we mainly adopt the analytic disk model with magnetic outflows
in our present work. We summarize the disk-outflow model as follows (see Cao & Spruit 2013, for the details).
In cylindrical coordinates, the mass accretion rate M˙ reads
M˙ = −2piRΣvR, (7)
for an accretion disk, where Σ ≃ 2ρH is the disk surface density, ρ, H are the mean disk density and the scale height
of the disk respectively. The mass accretion rate M˙ remains constant along radius for a disk without outflows, while it
is a function of radius as part of gas is driven from the disk surface into outflows. The radial velocity of a conventional
viscous accretion disk is
vR,vis = − 3ν
2R
, (8)
where the viscosity ν = αcsH is adopted, and the viscous dissipation rate per unit area of the disk surface is
Q+vis =
1
2
νΣ
(
R
dΩ
dR
)2
. (9)
Substituting Equation (8) into (9), we have
Q+vis = −
1
3
RΣvR,vis
(
R
dΩ
dR
)2
=
1
6pi
M˙0
(
R
dΩ
dR
)2
, (10)
where Equation (7) is used.
For a thin accretion disk with strong magnetic outflows, most angular momentum of the disk is removed by the
outflows, and therefore the mass accretion is predominantly driven by the magnetic torque exerted by the outflows
(see Cao & Spruit 2013, for the details).
The angular momentum equation of such an accretion disk with magnetic outflows is
d
dR
(
2piRΣvRR
2Ω
)
=
d
dR
(
2piRνΣR2
dΩ
dR
)
+ 2piRTm, (11)
of which the first term on the right-hand side is caused by turbulent viscosity, and the second term is due to the
magnetic outflows. The radial velocity vR of the disk derived with Equation (11) is
vR = − 3ν
2R
− Tm
Σ
[
∂
∂R
(
R2Ω
)]−1
= − 3ν
2R
− 2Tm
ΣRΩ
= vR,vis + vR,m = (1 + fm)vR,vis, (12)
where Tm is the magnetic torque exerted by the outflows, vR,m = −2Tm/ΣRΩ, and the approximation dΩ/dR ≃
−3Ω/2R is adopted. The parameter fm ≡ vR,m/vR,vis describes the relative importance of the angular momentum
transfer mechanisms of the disk. Substitute Equation (12) into (10), we can derive the viscous dissipation rate of a
disk with outflows as
Q+vis = −
1
3
RΣvR(1 + fm)
−1
(
R
dΩ
dR
)2
=
1
6pi
M˙(1 + fm)
−1
(
R
dΩ
dR
)2
, (13)
and the luminosity of the disk is
L =
∫
4piRQ+visdR =
2
3
∫
M˙(1 + fm)
−1
(
R
dΩ
dR
)2
RdR. (14)
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We note that the mass accretion rate M˙ varies with radius in the disk with magnetic outflows. As most radiation flux
being radiated within several ten Schwarzschild radii of the BH, the disk radiation is predominately dependent on the
mass accretion rate at the inner region of the disk. It is found that only a small fraction of gas in the inner region of
the disk is driven into the outflows (see Li & Cao 2019, for the details), and therefore the mass accretion rate at the
inner region of the disk is very close to the rate accreted by the BH. The disk luminosity can be approximated as
L ≈ 2
3
M˙BH
∫
(1 + fm)
−1
(
R
dΩ
dR
)2
RdR, (15)
where M˙BH is the rate of mass accreted by the BH. Comparing it with the luminosity of a viscous disk without
outflows,
L0 =
2
3
M˙0
∫ (
R
dΩ
dR
)2
RdR, (16)
we have
L ≈ (1 + f¯m)−1L0, (17)
where
(1 + f¯m)
−1 ≈
∫
(1 + fm)
−1
(
R
dΩ
dR
)2
RdR
/∫ (
R
dΩ
dR
)2
RdR . (18)
In principle, fm ≡ vR,m/vR,vis is a function of radius. However, in the present accretion disk model with magnetic
outflows, fm remains nearly constant radially in the inner region of the disk, i.e., the radial velocities of the disks with
outflows are nearly in parallel with that of a viscous disk without outflows in Figure 2 of Li & Cao (2019), therefore
we have f¯m ≈ fm. If M˙BH = M˙0, which means that the luminosity of the disk with outflows is about (1+ fm)−1 times
that of a viscous accretion disk without outflows if the gas is accreted at the same rate by the BH, or
M˙BH ≈ (1 + fm)M˙0, (19)
if L = L0, i.e., the mass accretion rate of the BH surrounded by a disk with outflows should be about (1 + fm) times
that of a viscous accretion disk in order to radiate at the same luminosity. This is caused by the fact that part of
gravitational energy released in the disk is tapped into the outflows.
It is well known that the acceleration of the outflows by the field co-rotating with the disk is sensitive to the field
line inclination at the disk surface. For cold gas driven by the magnetic field from a Keplerian rotating thin disk, the
inclination angle of the field line with respect to the disk plane requires θ ≤ 60◦ (Blandford, & Payne 1982). In more
realistic cases, for example, considering the gas pressure or/and slightly sub-Keplerian motion of the disk, the critical
field inclination required for launching outflows does not deviate much from 60◦ (Cao & Spruit 1994; Ogilvie & Livio
1998; Cao 2014). The magnetic field dragged by the accretion disk is described by the induction equation (e.g., see
Equation 14 in Lubow et al. 1994). The field inclination at the disk surface can be estimated by equating the advection
timescale to the diffusion timescale of the field for a steady disk, which are
τadv ∼ −
R
vR
, and τdif ∼
RHκ0
η
, (20)
respectively, where κ0 = Bz/B
s
R at the disk surface, and η is the magnetic diffusivity (see Lubow et al. 1994, for the
details). Substitute Equations (8) and (12) into Equation (20) and let τadv = τdif , we obtain
1 + fm =
2
3
Pmκ−10
(
H
R
)−1
. (21)
where the magnetic Prandtl number Pm = η/ν. It was found that the magnetic Prandtl number Pm is always around
unity for isotropic turbulent plasma either estimated by order of magnitude or numerical simulations (e.g., Parker
1979; Yousef et al. 2003; Fromang & Stone 2009; Guan & Gammie 2009). The field inclination κ0 at the surface of
the inner disk changes very little radially (see Figure 1 in Li & Cao 2019), which leads to roughly constant fm in the
inner disk region (see Equation 21). We find that fm ∼ 5 if typical values of parameters, Pm = 1, H/R ∼ 0.1, and
κ0 ∼ 1 are adopted.
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Figure 1. BH mass evolution with the cosmic time via an accretion disk radiating at the Eddington limit, λ = 1. The solid
lines correspond to the evolution starting from a∗,init = 0, while the dashed lines show the evolution starting from a∗,init = 0.75.
The seed BH is assumed to be formed as the remnant of Pop III stars at redshift z ∼ 30 with Mseed = 10M⊙. The red lines
correspond to the accretion driven by turbulent viscosity (i.e., without outflows fm = 0), while the green lines (fm = 2) and
blue lines (fm = 5) indicate the accretion disk driven by both of the turbulent viscosity and the magnetic outflows, fm is defined
in Equation (12).
Time since Big Bang (Gyr)
101
102
M
BH
/M
⊙
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a
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Figure 2. The same as Figure 1, but also plot for the evolution of spin parameter a∗ with cosmic time, the vertical dashed line
corresponds to the redshift at z = 30.
3. RESULTS
The realistic SMBH growth must be very complicated, on which one has to consider accretion of gas and mergers
of BHs (e.g., Menou et al. 2001; Islam et al. 2003; Volonteri et al. 2003; Yoo, & Miralda-Escude´ 2004; Shapiro 2005;
Tanaka, & Haiman 2009). In this work, we focus on the BH growth in early Universe through an accretion disk with
magnetic outflows. The global structure of an accretion disk with magnetically driven outflows is extensively explored
by Li & Cao (2019). To avoid the complexity of the calculations, we adopt the quantity fm, the relative importance of
angular momentum transfer rate by the outflows, as an input model parameter, the value of which is well constrained
either by the numerical results in Li & Cao (2019) or the estimate given in Section 2.2. The seed BH is crucial for the
growth of SMBHs at high redshifts. In this work, we conservatively assume that the seed BHs with Mseed = 10M⊙
are formed as the remnants of Pop III stars at redshift z = 30. Our present calculations are also applicable for more
massive seed BHs, and any heavier seed BHs are definitely more helpful for the growth of SMBHs at high redshifts.
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Figure 3. BH mass evolution along the cosmic time via chaotic accretion, in which the duration of each accretion episode 107yr
is adopted. The solid and dashed lines correspond to different outflows, fm = 2 (dashed), and 5 (solid), respectively. The color
lines show the results for different Eddington ratios, λ = 0.1 (red), 0.5 (green), and 1 (blue), respectively. The dotted line shows
the accretion disk radiating at Eddington luminosity without outflows (i.e., fm = 0). The initial value of the spin parameter of
the seed BH is set to a∗,init = 0, and the mass of the seed BH Mseed = 10M⊙ is adopted.
The disk accreting at a high rate with super-Eddington luminosity is regarded as an efficient way to feed SMBHs at
high redshifts. With a super-Eddington accretion rate, however, most of the gas in the disk may be blown away into
outflows and/or jets, and the BH would swallow the gas at a rate probably not more than a few times Eddington rate
(Inayoshi et al. 2016, and see Haiman 2013, for a review). The photon trapping effect become efficient when the BH
accreting at such a high rate, most of the released energy is trapped in the gas and goes accreted by the BH, thus the
radiation efficiency is only about a few percent (Jiang et al. 2014, 2017), which is smaller than the average efficiency
∼ 0.09−0.2 suggested by the numerical calculations/simulations with the constraints of observations (see Soltan 1982;
Yu, & Tremaine 2002; Marconi et al. 2004; Shankar et al. 2009; Raimundo et al. 2012; Zhang et al. 2012, for details
and references therein). Thus, we assume that the luminosity of the accretion disk with outflows is Eddington-limited
in this work, i.e., the parameter λ = L/LEdd ≤ 1 [LEdd ≡ 1.3× 1038(MBH/M⊙) erg s−1] is adopted.
In the case of a BH with mass MBH spinning at a∗, the mass accretion rate M˙BH of the disk with magnetic outflows
can be derived with Equations (5) and (19) provided the values of parameters λ and fm are specified. The evolution
of the BH mass and spin is then calculated with Equation (4). In Figure 1, we show how the seed BH grows with time
through continuous accretion of gas near the BH with Eddington luminosity. It is found that the seed BH with 10M⊙
can only grow to a few hundred solar mass BH at z ∼ 6 if the gas is accreted in a normal viscous disk. In the case of
an accretion disk with magnetic outflows, the BH mass can be as high as several million solar mass at z ∼ 6 for strong
magnetic outflows (e.g., fm = 5). The evolution of the BH spin parameter varying with time is plotted in Figure 2. It
is found that the BH will become an extreme Kerr BH within a very short period of time, and therefore the radiation
efficiency reaches its maximal value correspondingly. As the accretion luminosity is assumed to be Eddington-limited,
a high radiation efficiency means a lower mass accretion rate, which leads to a slower growth of BH.
It was suggested that the growth of BH at the center of galaxies may experience multi-accretion events. The angular
momentum of the gas feeds the BH at random directions with respect to the BH spin axis in each episode accretion
(King & Pringle 2006; Volonteri et al. 2007). For simplicity, we only consider the cases of the disk axis is aligned
with the BH spin, namely, the gas of the disk is either in direct orbits or retrograde orbits for each episode accretion
event. We adopt the duration of each accretion episode as an input parameter. In Figure 3, we plot the growth of
BHs through episode accretion with different modes, i.e., a normal viscous disk or a disk with magnetic outflows. The
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Figure 4. BH spin evolution along the cosmic time via chaotic accretion, the duration of each accretion episode 107yr is
adopted. The solid and dashed lines correspond to different outflows, fm = 2 (dashed), 5 (solid). The color lines show different
Eddington ratios, λ = 0.1 (red), λ = 0.5 (green), and λ = 1 (blue). The initial value of the spin parameter of the seed BH is
set to a∗,init = 0, and its mass Mseed = 10M⊙ is adopted. Here, note that for a prograde rotating BH a∗ > 0 and a retrograde
rotating BH a∗ < 0.
duration of each episode accretion, 107 years, is adopted in the calculations. It is found that the seed BH is not able to
grow to a billion solar mass BH at z ∼ 7 through a viscous disk without magnetic outflows, while the BH grows very
rapidly to a SMBH through accretion in a disk with magnetic outflows even if the disk is radiating at a sub-Eddington
luminosity.
In Figure 4, we show the time evolution of BH spin parameter a∗ during the growth of BH through accretion
calculated with different values of model parameters, from which the distributions of the BH spin parameter a∗ can
be derived (see Figures 5 and 6). Only the BHs with M < 1011M⊙ are counted in the calculations of the distributions
in the early Universe with z ≥ 6. It is found that most BHs are spinning rapidly when λ = 1 is adopted for the
accretion disks with outflows, while the values of spinning parameter a∗ are nearly homogeneously distributed in the
low-λ cases. The results calculated with the episode duration of 5× 106 yr are given in Figure 7.
It was claimed that, the gas in the accretion disk plunges onto the black hole at the radius around the marginal stable
circular orbit, which means that the magnetic field diffusion is negligible in this plunging region, and the field flux may
be substantially enhanced in this region (Reynolds et al. 2006; Garofalo 2009). It implies that the jets produced through
the Blandford-Znajek mechanism may be more powerful for a retrograde rotating BH than a prograde counterpart
(Reynolds et al. 2006; Garofalo 2009). However, this seems to contradict the results of the numerical simulations
carried out by Tchekhovskoy, & McKinney (2012), in which the radial velocity of the geometrically thick disk is found
to be sufficiently large to capture magnetic fluxes in the region near the BH. Although it is still a debating issue, we
plot the distributions of the spin parameter in the range of −1 < a∗ < 1 in Figure 6. We summarize the results of
spin parameter distributions in Table 1. We find that the fraction of the BHs with high-a∗ is lower than the case with
episode duration of 107 yr, if the values of all other model parameters are fixed.
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Figure 5. Distributions of BH spin parameter during the time of the BH grows (i.e., only the BH mass MBH < 10
11M⊙). The
solid and dashed lines correspond to different magnetic outflows with fm = 2 (dashed) and 5 (solid), respectively. The color
lines show different Eddington ratios, λ = 0.1 (red), 0.5 (green), and 1 (blue), respectively. The dotted line shows the accretion
disk without outflows (i.e., fm = 0). The initial value of the spin parameter of the seed BH is set to a∗,init = 0. The mass of
the seed BH Mseed = 10M⊙ and the duration of each accretion episode 10
7yr are adopted.
4. DISCUSSION
The motivation of this work is to explore how SMBHs grow from stellar mass seed BHs at high redshifts. It was
suggested that the mass accretion rate of a slim disk can be higher than Eddington rate, which radiates at super-
Eddington luminosity. However, such a slim disk with super-Eddington luminosity will inevitably accelerating the gas
at the disk surface into outflows, and only a small fraction of the gas accreted in the disk is ultimately swallowed by the
BH even if the mass accretion rate is very high at the outer edge of the disk (e.g., Stone et al. 1999; Hawley, & Balbus
2002; Igumenshchev et al. 2003; Yang et al. 2014; Cao, & Gu 2015). Begelman (2002) proposed that a thin disk with
small scale inhomogeneities may radiate super-Eddington fluxes, which may alleviate the difficulty of rapid growth of
the SMBH at high redshifts to some extent (Haiman 2013). In the calculations of this work, we find that the BH
growth is rather inefficient through a normal disk with Eddington luminosity (see Figure 1), which is consistent with
some previous works (e.g., Yoo, & Miralda-Escude´ 2004; Shapiro 2005). This implies a large seed BH with 104−5M⊙
is required to grow to a billion solar mass BH at z ∼ 7 through a normal Eddington luminosity limited accretion disk
(Shapiro 2005; Johnson et al. 2013; Valiante et al. 2016). Such difficulty of rapid BH growth is alleviated if magnetically
driven outflows are present, which may carry away most angular momentum and the gravitational power of the gas in
the disk. The accretion rate of the disk is therefore significantly higher than the Eddington rate, while it radiates at
sub-Eddington luminosity (see Section 2.2). We find that a stellar mass seed BH at z = 30 can be grown to ∼ 107M⊙
at z = 7 through continuous Eddington luminosity limited accretion predominantly driven by strong magnetic outflows
(see Figure 1), which is still too small compared with the observed quasar with ∼ 109M⊙ at z = 7.54 (Ban˜ados et al.
2018). It is well known that the BH can be spun up very rapidly through accretion, and the radiation efficiency of the
disk surrounding a rapidly spinning BH is significantly higher than that for a non-rotating BH, which leads to a lower
mass accretion rate for the Eddington luminosity limited disk surrounding a spinning BH (see Figure 2). This makes
the BH grow slowly while it is spun up by continuous accretion even if strong magnetic outflows are present. One
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Figure 6. The same as Fig. 5, but the distributions of the spin parameter are counted from a∗ = −1 to 1 during the BH
growth.
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Figure 7. The same as Figure 3, but the duration of each accretion episode 5× 106yr is adopted.
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Table 1. Distributions of BH spin parameter during the time of the BH growth.
Episodic accretion duration
(yr)
λ fm
Fraction
—a∗| 6 0.1 0.1 < |a∗| 6 0.5 0.5 < |a∗| 6 0.9 |a∗| > 0.9
107
0.1
2 0.157 0.532 0.311 0.000
5 0.134 0.508 0.349 0.009
0.5
2 0.047 0.226 0.407 0.320
5 0.029 0.128 0.352 0.491
1
0 0.062 0.292 0.425 0.221
2 0.026 0.110 0.302 0.562
5 0.011 0.048 0.134 0.807
5× 106
0.1
2 0.336 0.615 0.049 0.000
5 0.212 0.619 0.169 0.000
0.5
2 0.083 0.373 0.394 0.150
5 0.047 0.210 0.425 0.318
1
0 0.126 0.445 0.395 0.034
2 0.052 0.224 0.408 0.316
5 0.023 0.102 0.278 0.597
Note—λ = L/LEdd is the Eddington ratio, a∗ is the dimensionless spin parameter, and fm is defined in Equation (12).
inevitable consequence of the BH growth through such persistent accretion is most SMBHs being spinning very rapidly
(Volonteri et al. 2007). For the accretion disk with magnetically driven outflows, a strong magnetic field is present near
the BH, and jets may probably be formed through the Blandford-Znajek mechanism (Blandford, & Znajek 1977). It
implies that jets should appear in most accreting SMBHs at least at high redshifts, which seems to be inconsistent with
the observations of only a small fraction of quasars being radio-loud (Kellermann et al. 1989). This may be alleviated
if episodic chaotic accretion is responsible for quasars instead of persistent accretion (King et al. 2008; Volonteri et al.
2013).
We incorporate our accretion disk model with magnetically driven outflows into the chaotic accretion scenario. It is
found that a stellar mass BH at z = 30 can grow to & 109M⊙ at z ∼ 8 through chaotic accretion at a moderate rate
(λ = 0.5) with mild magnetic outflows (fm = 2) (the duration of each accretion episode 10
7 yr is adopted, see Figure
3). We find that most BHs are spinning at a∗ > 0.9 in the case of the disk radiating at λ = 1, while the moderately
spinning BHs are dominant if λ . 0.5 is adopted (see Figures 5 and 6), which is caused by the fact that the BH can
be spun up to a higher spin parameter a∗ in each accretion episode for a higher λ adopted. There are several methods
have been proposed to constrain the episodic timescale of AGNs (see Martini 2004, for a review), though the results
are quite uncertain. Typical duration of episodic accretion event around 106 ∼ 107yr inferred from the observations
have been adopted in some previous works (see Li et al. 2015, Table 1.,Yu, & Tremaine 2002, Haiman, & Cen 2002),
which is also consistent with the calculations in King & Pringle (2006). We also perform calculations of the BH growth
through chaotic accretion with a short duration of each episode accretion being 5× 106 yr. It is found that most BHs
are spinning at moderate values of a∗ even if a high λ ∼ 1 is adopted (see Table 1). This is because a lower final
value of spin parameter after each accretion episode is caused by a shorter accretion duration. The distributions of a∗
derived in this work are qualitatively consistent with the numerical simulations of cosmological evolution of SMBHs
in Volonteri et al. (2007).
Most disk radiation is from the inner region of the disk with several ten Schwarzschild radii to the BH. The typical
mass accretion rate in this region is very close to the rate swallowed by the BH (see Li & Cao 2019). Thus, the
mass/spin evolution of the BH is almost independent of the mass loss rate in the outflows, and this will not alter our
main conclusions of this work.
We note that the structure of the inner edge of the disk is quite complicated (see Agol, & Krolik 2000;
Krolik, & Hawley 2002; Abramowicz et al. 2010, for the details). Unlike a standard thin disk with no stress at
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its inner edge, it was suggested that a non-zero stress at the inner edge of the disk in some previous works (see
Agol, & Krolik 2000; Krolik, & Hawley 2002, for the details). This makes the radiation efficiency of the disk higher
than that of a standard thin disk, however, the detailed physics of such disk model is still quite uncertain, which
prevents us from doing further calculations based on their model. In principle, a higher radiation efficiency will make
the BH growth slower, which may require stronger magnetic outflows in our model calculations to reproduce the
observed luminous quasars at high redshifts. Abramowicz et al. (2010) explored the inner edge of the disk at various
luminosities, and they found that the disk may extend into the innermost stable circular orbit (ISCO), while the
specific angular momentum of the gas in the disk region within the ISCO almost remains the Keplerian value at the
ISCO (see Figure 15 in Abramowicz et al. 2010). It implies that the BH evolution equations in Section 2.1 can indeed
describe the mass/spin evolution of the BH quite well.
The disk spectrum depends on it structure, and how the spectrum would be affected by the deviation of the disk struc-
ture from a standard thin disk has been explored in some previous works (e.g., Shafee et al. 2008; Laor, & Davis 2014;
You et al. 2016), in which different outflow driven mechanisms have been considered (Laor, & Davis 2014; You et al.
2016). It was suggested that the line driven outflows from disks surrounding massive BHs may help reproduce the
observed UV spectra in AGNs (Laor, & Davis 2014). In their model, a substantial fraction of mass in the disk is driven
into outflows, which significantly reduces the gravitational power released in the disk, and then the disk temperature
and luminosity. In their calculations, the specific angular momentum of the gas at the disk surface driven into the
outflows is nearly the same as that of the gas rotating in the disk, which is quite different from the magnetically driven
outflows considered in this work. For magnetically driven outflows, the gas moves along the magnetic field line co-
rotating with the disk roughly approaching the Alfven radius, which is usually much larger than the radius of the field
line footpoint at the disk surface (see Spruit 1996, for the details). The specific angular momentum of the ultimately
accelerated gas in the outflows is therefore much higher than that when it is leaving from the disk surface. Thus, the
gas in the outflows may carry away most of the angular momentum of the disk, which makes the radial velocity of the
disk much higher than that of a viscous disk without outflows. The disk with magnetic outflows is accreting at a higher
rate compared with a viscously driven disk with the same luminosity, because most gravitational power released in the
disk is tapped into the outflows by the magnetic field co-rotating with the disk. A variety of different outflow models,
including Blandford-Payne outflow model, have been employed in the disk spectral calculations (You et al. 2016). The
angular momentum of the disk carried away by the magnetic outflows has not been considered in their work due to a
rather simplified magnetic outflow model is used, which may not affect their spectral calculations, because the local
structure of the disk (temperature and density) is unchanged except its radial velocity, if the angular momentum of
the gas is properly considered as this work. The growth of massive BHs via accretion disks with different types of
outflows other than the magnetic outflows considered in this work is expected to be investigated in the future, which
is beyond the scope of this work.
5. CONCLUSIONS
Our results show that persistent accretion with strong magnetic outflows is unable to grow a billion solar mass BH
discovered at a high redshift z ∼ 7 from a stellar mass seed BH with 10M⊙ at z = 30, while such SMBHs with several
billion solar masses may probably be grown by chaotic accretion predominantly driven by magnetic outflows. It is
found that disks radiating at moderate luminosity (λ ∼ 0.5) with mild outflows (fm ∼ 2) can reproduce the observed
SMBHs at high redshifts. In this work, we consider the simplest case, the accretion disk is in alignment with the
BH axis (either co-rating or counter-rotating with the BH). In the realistic case, the direction of the gas motion near
the BH may be randomly distributed. Due to the Lense-Thirring effect, the inner disk tends to be aligning with the
equatorial plane of the BH (Bardeen, & Petterson 1975). On the other hand, the BH is being spun up by the accreting
gas, which also decreases the misalignment between the BH spin and the accretion axis. As we are focusing on the
mass growth of SMBHs, this is a fairly good approximation for our present investigation. We only consider the BH
growth through accretion in this work, and it is obviously that the mergers of BHs may also play important roles in
BH growth (Menou et al. 2001; Volonteri et al. 2003; Berti, & Volonteri 2008; Tanaka, & Haiman 2009; Mayer et al.
2007, 2015). The calculations will be more complicated if the mergers of BHs are included, however, it is clear that
mergers will help mass growth of BHs. Thus, the BH growth will be more efficient while the mergers are properly
included in the calculations, which will not alter the main conclusions of this work.
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